Solid tumors are a structurally complex system, composed of many different cell types. The tumor microenvironment includes nonmalignant cell types that participate in complex interactions with tumor cells. The cross talk between tumor and normal cells is implicated in regulating cell growth, metastatic potential, and chemotherapeutic drug resistance. A new approach is required to interrogate and quantitatively characterize cell to cell interactions in this complex environment. Here, the authors have applied time-of-flight secondary ion mass spectrometry (ToF-SIMS) to analyze Mycinduced pancreatic β cell islet tumors. The high mass resolution and micron spatial resolution of ToF-SIMS allows detection of metabolic intermediates such as lipids and amino acids. Employing multivariate analysis, specifically, principal component analysis, the authors show that it is possible to chemically distinguish cancerous islets from normal tissue, in addition to intratumor heterogeneity. These heterogeneities can then be imaged and investigated using another modality such as sum harmonic generation microscopy. Using these techniques with a specialized mouse model, the authors found significant metabolic changes occurring within β cell tumors and the surrounding tissues. Specific alterations of the lipid, amino acid, and nucleotide metabolism were observed, demonstrating that ToF-SIMS can be utilized to identify large-scale changes that occur in the tumor microenvironment and could thereby increase the understanding of tumor progression and the tumor microenvironment. Published by the AVS. https://doi.
I. INTRODUCTION
Solid tumors are a structurally complex system consisting of tumor cells, infiltrating immune cells, and nonmalignant stromal cells. The physical and chemical interactions between malignant cells and nontransformed cells create the tumor microenvironment. This environment has been implicated in the regulation of cell growth, determining metastatic potential, and impacting the outcome of chemotherapy. 1, 2 Tumor growth depends on the conversion of nutrients into biochemical and biosynthetic precursors especially within lipid pathways, as lipids are used for cell membrane formation, signaling, and energy. However, these metabolic requirements are impacted by the tumor microenvironment, which determines the availability of nutrients such as glucose and glutamine, and oxygen supplied to the tumor. 3 The use of an inducible c-Myc oncogene in a wellestablished model of pancreatic β cell tumorigenesis provides a controlled system in which to observe β cell tumorigenesis and investigate the role of the tumor microenvironment in tumor growth. 4 Myc, a transcription factor, is one of the most frequently deregulated oncogenes in human cancers. 5 Deregulation of Myc is responsible for many of the metabolic changes that induce malignancy. Myc deregulation alters glucose, glutamine, and lipid metabolism and significantly modifies mitochondrial function. [6] [7] [8] [9] [10] [11] While it is known that Myc is frequently deregulated in many cancers, it is unknown how Myc-activated tumor metabolism is impacted by an adjacent cellular environment that has the potential to either assist or restrict the tumor growth. Many biochemical processes that contribute to tumor initiation and growth could be affected by the synthesis or degradation of specific metabolites ranging from nucleotides and lipids to amino acids within the tumor microenvironment. Chemical imaging of Myc pancreatic tissues with micron resolution would permit the assessment of endogenous cellular metabolic products within specific β cell tumor regions and surrounding tissue (made up of acinar cells). Harnessing the capabilities of high resolution chemical imaging allows for the development of methods to evaluate how these distinct tissue regions affect each other's metabolism, further aiding our understanding of the tumor microenvironment.
Metabolic analyses require sensitivity, specificity, selectivity, and speed, which are strengths of utilizing mass spectrometry imaging (MSI) as an optimal technique to detect and identify biologically relevant metabolites. [12] [13] [14] [15] [16] Imaging time-of-flight secondary ion mass spectrometry (ToF-SIMS) provides detailed spatial (<2 μm) and chemical information providing a new perspective to biological tissue analysis that has not been available using techniques commonly used for clinically relevant samples, such as high-performance liquid chromatography, fluorescent microscopy, and immunohistochemistry. 17, 18 Recent chemical imaging research using a Myc-driven mouse model of a) Electronic mail: lgamble@uw.edu renal cell carcinoma demonstrated that glutamine-derived lipids and metabolites drive tumor progression. 19 Further chemical imaging research using a Myc model of lung adenocarcinoma also showed that tumors have distinct lipid signatures compared with normal tissue. 20 These studies were conducted using entire cancerous kidney or lung sections, but individual Myc-induced pancreatic islet tumors have yet to be explored in this manner.
The objective of this work is to use ToF-SIMS to map and identify molecules associated with the metabolic changes induced by Myc overexpression in pancreatic β cell tumors and the adjacent cellular environment in the pIns-MycER TAM /p53 −/− mouse model with Myc-inducible pancreatic β cell tumorigenesis. In this model, the induction of Myc promotes rapid tumorigenesis, with tumors occupying the majority of the pancreas within 12 days; for this reason, we chose to study the 6 day stage where there is evident hyperplasia and a distinct exocrine tissue available for analysis. Imaging ToF-SIMS and principal component analysis (PCA) are used to identify, map, and compare chemical differences within Myc-induced islet tumors and surrounding acinar cells after 6 days of Myc activation with tamoxifen in the pIns-MycER TAM /p53 −/− mouse model (referred to hereafter as Myc tissues). Pancreatic islets from p53 −/− mice, also treated with tamoxifen, are used as controls (hereafter referred to as control tissue). In this work, we provide evidence of significant metabolic changes occurring within Myc-driven β cell tumors and the surrounding tissue by combining sophisticated animal models with imaging ToF-SIMS. We also demonstrate the application of ToF-SIMS and sum harmonic generation (SHG) microscopy to address heterogeneity within tumors and the microenvironment and to determine the presence of blood vessels.
II. MATERIALS AND METHODS

A. Mouse tissue samples and preparation
The pIns-c-MycER TAM /p53 −/− Myc-inducible mouse model was used to generate pancreatic β cell tumors. 21 In this model, the c-Myc gene (hereafter referred to as Myc) is regulated by an insulin promoter and generates a chimeric mutant estrogen receptor fused to the C-terminus of the Myc protein. 22 The presence of this fusion allows for Myc induction using tamoxifen injection, and the insulin promoter provides tissue specific expression in pancreatic β-cells. 4,21 On induction of Myc, hyperplasia and vascularization of β-cell islets were evident by 6 days. After 6 days of Myc activation, pancreatic tissues were harvested and frozen in optimal cutting temperature (OCT) compound. Control pancreas samples were harvested from p53 −/− mice, which had also been injected with tamoxifen for 6 days. 21 Four-micrometer thick cryosections were used for hematoxylin and eosin (H&E) staining or for ToF-SIMS analysis. Since the cryosection analyzed by ToF-SIMS is mounted directly onto a silicon wafer, H&E images of the adjacent tissue sections provide a reference to guide identification and selection of neoplastic islets within the tissue.
B. Mass spectrometry imaging
All ToF-SIMS experiments were performed with an ION-TOF TOF.SIMS 5-100 instrument (ION-TOF GmbH, Münster, Germany) equipped with a liquid metal ion gun (LMIG) for analysis and an electron flood gun for charge neutralization. The LMIG was used to generate a pulsed 25 keV Bi 3 + beam impacting the target at an angle of 45°. The Bi 3 + beam was set in spectroscopy mode for high mass resolution (HMR) to acquire spectra and images in both polarities. The Bi 3 + current was typically 0.13-0.15 pA. Target currents were measured before each data set using a Faraday cup. Large optical stitches of all tissues were produced by manually stitching images from the video camera within the ToF-SIMS before analysis. Optical stitch images were then used to aid in selecting ToF-SIMS analysis areas. For all data collection, HMR positive ion data were acquired followed immediately by HMR negative ion data on the same area. X and Y sample stage coordinates were saved in the software to ensure that data acquired were from the same region in both polarities. Mass resolution (m/Δm) for the C 2 H 3 + ion was greater than 4500. Positive ion spectra were calibrated to CH 3 + , C 2 H 3 + , and C 4 H 5 + . Negative ion spectra were calibrated to CH − , OH − , and C 2 H − . Spectra were acquired from 1 mm × 1 mm "patches" comprising twenty five or twenty four 200 μm × 200 μm "tiles" on each tissue. Each tile contains 256 × 256 pixels, giving the patches a total pixel count of 1280 × 1280 and a pixel size of 781 nm × 781 nm. The purpose of analyzing smaller areas is to capture the localized areas of the islet tumors and to image the entire sample, which can undergo sample degradation or lipid migration over time. 23 The Bi 3 + dose was limited to ≤5.0 × 10 11 ions/cm 2 for each tile in both positive and negative ion modes, resulting in a total Bi 3 + dose of ≤1.0 × 10 12 ions/cm 2 per tile so that the static limit would not be surpassed. SURFACELAB 6 software (ION-TOF GmbH, Münster, Germany) was used for all analyses. A total of three Myc and four control tissue sections were analyzed with each tissue having a minimum of three selected patches.
C. Sum harmonic generation
The multiphoton excitation fluorescence (MPEF) and SHG images were acquired with a scanning confocal multiphoton microscope (Olympus, FV1000 MPE BX61) with a 20× objective. The light source was a tunable laser (Spectra-Physics Mai Tai) with λ exc at 910 nm and with bandpass filters at 495-540 nm for the MPEF channel and 420-460 nm for the SHG channel. The detectors were photon multipliers, located so that the SHG captures in backscattering mode and the MPEF in epifluorescence mode. All SHG experiments were performed on H&E stained slides.
D. Data analysis
PCA was applied to ToF-SIMS images and spectra data acquired from the tissues. The resulting scores and loadings were used to identify distinct molecular species responsible for the contrast seen within the score images, thus providing a method to spatially identify correlated masses/molecules for further investigation. Regions of exposed silicon substrate and OCT (e.g., holes or tears from cutting tissue and embedding medium surrounding the tissue section) were excluded from all analyses by applying a threshold to the pixels with an Si + signal, where m/z 27.9 was used to detect silicon and m/z 332.2 (C 14 H 29 + , a fragment of the benzalkonium additive in OCT) 24 is used to detect OCT areas. PCA was performed using the NBTOOLBOX IMAGEGUI (Daniel Graham, NESAC/BIO, University of Washington), which operates within MATLAB (MathWorks, Natick, MA). Peaks were chosen that had a maximum intensity two times or more than that of the average background intensity. The spectra from all tissues were overlaid, and then peaks were manually selected and integrated to full width half max. A total peak list of 1017 and 1349 peaks were chosen from the positive and negative ion modes, respectively. Normalization was not applied to imported image patches; image data were preprocessed by Poisson scaling and mean centering before PCA.
A comparison of relative intensities was achieved by first selecting regions of interest (ROIs) of either islets or acinar tissue without vascularized areas and normalizing ions to the total ion counts. This resulted in a total of 23 Myc and 12 control islets. The acinar ROIs resulted in nine regions for Myc and ten for the control. Normalized ion counts from these ROIs were then compared using Welch's unpaired t-tests with p-value <0.05 chosen as statistically significant.
III. RESULTS AND DISCUSSION
A. Distinguishing tumor islets from the acinar tissue using imaging PCA Determining the spatial distribution of distinct lipids and metabolic intermediates within Myc-induced β cell tumors and the acinar tissue surrounding these tumors can identify metabolic abnormalities related to Myc-induced cellular proliferation and signaling. This information may also provide insight into the metabolic cross talk occurring between these two environments.
PCA of ToF-SIMS image data resulted in a separation between the Myc-induced tumor and acinar tissue in both polarities in PC1, demonstrating that the largest amount of chemical variance was between these regions. Figure 1 shows positive polarity PCA data, which exhibits separation of tumor from the surrounding acinar tissue within the first principal component score images for the Myc tissue. The PC1 scores and loadings reveal the major differences in chemistries between the tumor [ Fig. 1 Fig. 1 
Recent work using matrix assisted laser desorption mass spectrometry imaging to investigate how Myc overexpression affects lipid metabolism in lung cancer observed an increased K + associated with tumors and a higher proportion of potassiated lipids in tumor regions. 20 Calcium and ATP-sensitive K + ion channels at the cell surface membrane of pancreatic β cells control insulin secretion. In healthy β cells, the potassium ion channels are normally open allowing potassium to diffuse out of the cell, but when the metabolism of glucose produces ATP, the ATP-sensitive potassium ion channels close. 27 Deregulation of this channel as well as an increased extracellular K + associated with the tumor may account for the K + adducts observed in loadings that correlate to the tumor.
In contrast to the Myc pancreatic tissue, where differences between islet and acinar tissue were evident in the first PC scores, there was no evident difference for this first PC in the PCA scores of image data in controls. Instead, the control islet was typically observed in PC2 to PC3 scores and associated with collagenous and vasculature structures. This indicates that the chemical variance between the islet and the acinar tissue was much lower than what is exhibited in the Myc tissue.
Individual ToF-SIMS images of key fragments for both Myc and control are illustrated in . The presence of these ions is indicative of blood or vasculature present within the tumor, as histidine is known to be found on hemoglobin and pIns-c-MycER TAM /p53 −/− islet tumors 21 produce highly hemorrhagic vasculature. 4 Unlike the Myc islet tumors, the control islets did not exhibit increased signals of Fe + , histidine, phenylalanine, or heme fragments within the islet 
B. Tumor heterogeneity
Tumor heterogeneity is known to affect multiple properties such as responses to therapy, proliferation, and invasion. 30 Therefore, using ToF-SIMS to spatially characterize molecular intratumor heterogeneities may lead to the deconvolution of metabolic mechanisms occurring during tumor progression. The PCA score image shown in Fig. 1(a) and ToF-SIMS images in Figs. 2(d)-2(f ) indicate areas of intratumor heterogeneity within the tumor. Using a method we previously developed and applied to breast tissue, 31 we separate out the tumor islet region by applying PCA to the spectra from pixels with positive scores on PC1, as shown in Fig. 1 The positive polarity results separated the high intensity regions within the tumor in PC1 positive scores as shown in Fig. 3(a) . The positive loadings [ Fig. 3 25, 26 These fragments observed by PCA of these ROIs further provide chemical identification of these spatial locations and identified fragments that may potentially be related to vasculature and providing interior tumor characterization. As described above, masses that are associated with blood were present within the tumor, which may be providing visualization of early angiogenesis or blood vessel leakiness occurring within and around the tumor. Both angiogenesis and blood vessel leakiness occur frequently in tumors and provide both nutrients and oxygen that facilitate rapid tumor growth. 32, 33 The PC1 negative scores seen in Fig. 3(b) displayed the interior of the tumor and the corresponding negative loadings exhibited short chain hydrocarbon fragments, with most fragments associated with phosphatidylcholine, known to be the main lipid component within the cellular membrane. These chemical species are to be expected in the remaining areas of the tumor as these lipids make up the cellular components and membrane of the cells present in the islet.
The negative polarity PCA results also displayed separation of the high intensity regions from the remainder of the tumor in PC1 [supplementary material, Fig. 4 (Ref. 71) ]. The positive scores displayed the tumor interior and the positive loadings exhibited fatty acids (C14:0, C16:0, C 16 25, 283.26, respectively) . All the fatty acids present within the islet tumor, besides C14:0, have been shown to be fragments of larger lipids in viable tumors and tumor tissues. 12, 20, 34 The negative polarity PC1 negative scores, which correlate to the high intensity areas, displayed high loadings of CN − and CNO − . These molecular fragments are typically indicative of proteins or amino acids. Additionally, m/z 107.94 is found in the negative loadings which has been reported to come from the Fe(CN) 2 − ion from heme as well. 35 These data agree with what was observed in the positive polarity, as both the heme and histidine fragments contain CN − and CNO − .
C. Sum harmonic generation microscopy of tumors and blood vessels
Using SHG, we sought to determine if there was any ordered structure similar to vasculature at these high intensity regions observed with ToF-SIMS within tumor areas. SHG is restricted to molecules with a noncentrosymmetric organization and provides for detailed optical images of fibrillary collagen and has been shown to image mixtures of collagens I and III around blood vessels. 36 Figure 4 shows images of a Myc tissue area that has both a tumor with the high intensity regions and a blood vessel next to a tumor. The molecular signals associated with both what appear to be blood and vasculature are shown in the ToF-SIMS images [Figs. 4(b)-4(d)] and are localized in the same areas as seen in the H&E image [ Fig. 4(a) ]. The chemistry of the blood vessel region at a higher magnification with a ToF-SIMS overlay image is shown in Fig. 4(f ) , where Fe + , histidine, and heme fragments in green exhibit signal from the blood vessel, while phosphocholine shown in red represents the islet tumor boundary, and Mg + in blue shows the acinar tissue outside the tumor. The blood vessel from Figs. 4(a) and 4(e) imaged by SHG can be seen in Fig. 4(g) . The structure of collagen within the blood vessel can be observed in the SHG image represented by a falsely colored green. Merging the SHG fluorescence (green) with autofluorescence (red) from the tissue [ Fig. 4(h) ] provides contrast, showing red in the cellular regions and the yellow overlay where the blood vessel structure is located. The suspected blood or vasculature areas can easily be observed in the H&E image of the Myc islet tumor in Fig. 4 (i). Comparing these areas from Fig. 4(i) to the ToF-SIMS overlay image of an adjacent section [ Fig. 4( j) ], it can be seen that Fe + , histidine, and heme fragments (green) show similar localizations. It is evident from the SHG image in Fig. 4(k) that there is no collagen present that would suggest blood vessel structure within the tumor islet, and the small circular areas of fluorescence are tissue debris trapped within the H&E mounting medium resulting in the scattering of photons. This combination of techniques provides evidence that these high signal regions are not vasculature.
These data are consistent with previous results which showed that erythrocytes remained present in pancreatic islet tumors after the vascular system was emptied and perfused with fixative solution due to defective blood vessel linings. 33 Some of these remaining red blood cells would form discrete blood lakes. However, further examination of the blood lakes showed that they were lined with tumor cells and showed no 
D. Molecular differences between Myc tumor and control pancreatic tissue
To accurately associate changes occurring between the tumor microenvironment present in the Myc tissues, vasculature was removed from the data set and all peaks within the whole mass range were used for a complete comparison against the control tissues. The tissues were separated into two ROIs, the islets and the surrounding acinar tissue, and the peak intensities in the spectra for each region were compared between the Myc and control pancreatic sections. Using Welch's t test, all peaks were tested and compared and it was found that there were significant changes to the amino acid, nucleotides, and lipid content between the tissues. Tables I-III show the percentage change of biomolecules present in Myc and control islets and surrounding acinar tissue in both positive and negative polarities.
Amino acids and carnitines were found to have an increased normalized intensity while monoacylglycerides (MAGs) and diacylglycerides (DAGs) decreased within the Myc islets compared with the control. The largest changes were observed in the histidine fragment C 5 H 8 N 3 + (m/z 110.07) with a 2-fold increase in intensity, heme fragments with an approximately 2.5-3-fold increase in intensity, and Fe + with a 1.5-fold increase in intensity in the Myc islets due to the presence of blood lakes. Serine (C 2 H 6 NO + , m/z 60.05) exhibited an approximate 40% increase in intensity in the Myc islets. Other key amino acid fragments such as methionine (C 2 H 5 S + , m/z 61.01), phenylalanine (C 9 H 8 O + , m/ z 132.05), and tryptophan (C 11 H 8 NO + , m/z 170.07) showed an approximate increase of 20%-25%. Many other amino acids exhibited a small increase between approximately 10% and 18% and are listed in Table I the cytoplasm into the mitochondria during the oxidation of fatty acids, showed an increase of nearly 50% within Myc islets. Myc islets showed over a threefold increase in myristic acid (C14:0, m/z 227.20) as shown in Table II . Increases of approximately 30% and 20% were observed in adenine (C 5 H 4 N 5 − , m/z 134.048) and guanine (C 5 H 3 N 5 − , m/z 133.04), respectively, and likely reflect nucleotide biosynthesis within the tumor. Myc islets showed an 85% decrease in cholesterol sulfate compared to control islets. Phophatidylethanolamine (PE) (38:4) and PE (38:3) (m/z 750.55, 752.60) also exhibited a decrease in Myc islets of more than half of the intensity observed in the control. Fatty acids such as arachidonic acid (AA, C20:4, m/z 303.24), linolenic acid (C18:3, m/z 277.23), oleic acid (C18:1, m/z 281.25), stearic acid (C18:0, m/z 283.26), eicosapentaenoic acid (C20:5, m/z 301.22), eicosatrienoic acid (C20:3, m/z 305.26), and eicosadienoic acid (C20:2, m/z 307.27) were all decreased in the Myc islets compared with the control with decreases ranging from approximately 40% to 55%. SM (34:1) characteristic fragments were also decreased by 20%-25% in Myc islets.
The acinar tissue surrounding the islets in both the Myc and control tissues presented less variation of biomolecules between tissue types than what was observed between islets. In the positive polarity, the largest changes were observed in palmitoylcarnitine which had a 37% increase in Myc tissue and iron with a 20% increase. In contrast, methionine (fragment C 2 H 5 S + , m/z 61.01) was decreased by 19% in the Myc versus control acinar tissue. All other amino acids that showed a statistically significant difference ( p ≤ 0.05) between the normalized intensity means in the acinar tissue, exhibiting decreases ranging from 8% to 14%, are listed in Table III. The Myc acinar tissue showed decreased intensities in all major biomolecules when compared with the control acinar tissue, with large decreases observed in all lipids except C14:0. PE (38:4) and PE (38:3) exhibited the largest decreases of 37% and 39%, respectively, within the Myc surrounding acinar tissue. SM (34:1) fragments all showed a consistent decrease ranging from 26% to 35%. In addition, smaller fatty acid fragments such as eicosadienoic acid (20:2) and palmitic acid (C16:0, m/z 255.23) demonstrated a decrease of 25%-27%. Adenosine monophosphate (AMP) (C 10 H 13 N 5 O7P − , m/z 346.06), a possible metabolite from the cyclic-AMP or hydrolysis of adenosine-diphosphate, was found to be 25% lower in Myc-surrounding acinar tissue. Other nucleotides such as thymine and guanine were also found to be slightly decreased in the Myc-surrounding acinar tissue by 11%-15%.
E. Discussion
Our analyses provide evidence of significant metabolic changes occurring within Myc-driven β cell tumors and the surrounding tissue, which demonstrates a proof-of-concept for utilizing ToF-SIMS to identify large-scale changes that occur in tumor and stromal cell metabolism during tumorigenesis. The specific alterations of significance include the de novo synthesis of fatty acids such as C14:0 and PC30:0, the increase in palmitoylcarnitine in the tumor and acinar tissue surrounding it, the increase in nucleotides, and the increase in amino acids within the tumor but depletion of amino acids within the acinar tissue.
Metabolites with high signal intensity within tumors included carnitine and palmitoylcarnitine and suggest increased fatty acid oxidation, as both are involved in transporting fatty acids across the mitochondrial membrane for oxidation and energy generation. The increase in palmitoylcarnitine and decrease in palmitate (C16:0) in Myc acinar tissue suggest that the tumor may also engage mechanisms to deplete palmitate from the surrounding environment to satisfy the high metabolic demands of tumor growth.
Metabolites increased in Myc acinar tissue include AMP and these levels may be influenced by Myc expression in the islet tumor. Myc overexpression is reported to deplete ATP, resulting in the activation of AMP-activated protein kinase (AMPK), a key protein for regulating cellular energy. 37 AMPK is switched on by the rise in the AMP:ATP ratio, which can either result from cellular stresses occurring with depletion of ATP (e.g., hypoxia or glucose deprivation) or stresses that increase ATP consumption (e.g., excessive cell growth), which are common occurrences in tumor cells. 38 AMPK activation inhibits biosynthetic pathways related to fatty acid and cholesterol synthesis while increasing catabolism. 39 This would agree with our data as we observed an increase in palmitoylcarnitine, which facilitates fatty acid oxidation, in both the Myc islets and acinar tissue surrounding the tumor. Together these data further support the hypothesis that the high energy demands of the Myc β cell tumor impact the metabolism of the surrounding cells and tissue, thereby providing a conducive tumor-promoting microenvironment.
The observed decrease in SM within the Myc islets is an indicator that the β cells are losing their capacity to produce insulin as there is a direct correlation between insulin secretory capacity and SM presence in islets. 28 SM synthases 1 and 2 have critical roles in allowing insulin vesicle release from Golgi cisterna and their inhibition repressed insulin secretion. 40 The decrease in β cell function could also be indicative of cellular dedifferentiation. According to Ischenko et al., Myc is crucial for inducing the transformation from tumor cells to cancer stem cells. 41 Furthermore, activation of Myc in pancreatic β cells precipitates an acute loss of insulin production capacity with genes related to insulin production and other β cell lineage markers reduced significantly after 72 h, indicating a loss of β cell differentiation. 42 In addition, other research has shown that genome reprogramming and dedifferentiation are important early steps in pancreatic ductal adenocarcinoma tumor initiation and progression. [43] [44] [45] The decrease in SM found in the Myc acinar tissue may, in contrast, possibly be linked to AMPK activation and the inhibition of complex fatty acid synthesis resulting in shuttling of fatty acids to the tumor. Lipids altered in Myc β cell tumors include increases in the short chain, fully saturated fatty acid, C14:0, and is likely a product of Myc-induced de novo fatty acid synthesis from glucose and/or possibly from glutamine via reverse carboxylation. 46 This would require overriding the AMPK block on synthesis outlined above but is consistent with previous studies demonstrating that Myc increases the gene expression profile for fatty acid synthesis and can also increase the profile of certain lipids in different cell types. 11, 34, 47, 48 Evaluating the status of other lipid entities, the decreased intensity of AA (20:4) in the Myc islets is notable, as other groups have found its levels to be increased in Myc-activated tissues, such as the lung adenocarcinoma and lymphoma tissue. 20, 34 In these models, increased AA is likely linked to production of eicosanoids, which regulate the inflammatory response and are implicated in cancer progression. [49] [50] [51] However, in pancreatic β cells arachidonic acid stimulates insulin secretion and its production requires DAG and MAG lipases 52 and a supply of MAG and DAG. In the Myc β cell tumors, the drop in AA is correlated with reduction in MAG and DAG fragments with similar decreases ranging from 27% to 35% and providing further evidence of loss of function and the potential dedifferentiation of β cells.
Phospholipids PC (30:0) and PC (30:0) + K + were increased in the Myc islets, and this is consistent with the high demand for membrane lipids generated in a rapidly growing tumor and possibly facilitated by the p53 −/− status of these tumors. 53 These PC increases could explain the potential fate of the highly increased short chain fatty acid, C14:0, as the composition of PC (30:0) is most likely C14:0 and C16:0.
The increase in a wide array of amino acids within the Myc islets is a potential marker of enhanced cellular growth and proliferation, as growing tumors require large amounts of energy and building blocks for the construction of new cellular components. 38, 54 The approximate 39% increase in serine observed in the Myc islets compared with the control islets is in agreement with prior investigations of cancer metabolism, as the serine biosynthetic pathway represents a critical change in glucose metabolism contributing to tumor growth and cellular reprogramming. 55-57 3-phosphoglycerate, a glycolytic intermediate, is converted to serine through a series of enzymes, a number of which are upregulated in Myc-induced liver tumors (PHGDH, PSAT1, and PSPH), 58 and Myc activation of serine biosynthesis aids cancer progression under nutrient deprived conditions. 59 Further serine metabolism by serine hydroxymethyltransferase, also Mycregulated, 60 leads to the production of glycine, which also increased by approximately 17% within Myc islets. Serine and glycine are precursors used in the folate cycle, which in turn provides precursors to generate methionine, 61 and methionine was increased within the Myc islets and decreased in the surrounding acinar tissue. Methionine adenosyltransferase (MAT), an enzyme that catalyzes the first step in methionine metabolism, has been associated with rapid growth and dedifferentiation of cells within the liver, 62, 63 and methionine metabolism is deregulated in Myc-driven liver cancer. 59 The role of methionine provides possible insight into the metabolic contribution to physiological changes occurring in our model, as the β cells within the Myc islets are showing signs of dedifferentiation as discussed above and are in a state of rapid growth. The depletion of methionine in the acinar tissue around the Myc islet is likely due to the high requirement of methionine needed for MAT and subsequent methyl donation within the tumor facilitating epigenetic changes associated with dedifferentiation, which requires gene silencing of dedicated tissue lineage markers. 64 Other amino acids increased in Myc islets include the essential amino acids phenylalanine and tyrosine. Previous studies have demonstrated that these two essential amino acids, both potentially transported by the Myc-regulated transporter Slc7a5, 65 are key contributors to primary tumor growth and metastasis. 66 These studies by Elstad et al. demonstrated that a diet that restricts phenylalanine and tyrosine resulted in longer survival and inhibition of primary tumor growth and metastasis in mice. Additional amino acids increased by 10%-15% in Myc β cell tumors include arginine, a provider of pivotal metabolic intermediates and essential for cancer cell growth, 67 valine, an essential amino acid with increased uptake in cancer cells, 68 and also threonine, which if combined with induction of threonine dehydrogenase would supplement tumor cell pools of glycine and acetyl CoA, contributing to S-adenosylmethionine synthesis, the abundance of which regulates histone methylation and cell fate. 69 Finally, a counterintuitive finding was the increase in glutamine observed in the Myc islets, as other groups have noted that Myc overexpression drives glutamine catabolism rather than synthesis. 19, 70 This increase in glutamine in the tumor may be derived from a combination of de novo synthesis and transport of glutamine from the surrounding cells as there is depletion of glutamine in Myc acinar cells. Glutamine is highly concentrated in the blood lakes present in Myc β-cell tumors, and these may act as a fuel source sink providing metabolites to the tumor.
IV. SUMMARY AND CONCLUSIONS
Imaging ToF-SIMS provides a new approach for imaging the tumor microenvironment and tumor heterogeneity, and our results demonstrate the potential to differentiate altered metabolic processes occurring within cancerous tissues. PCA of ToF-SIMS image data of pancreatic tissue containing β cell tumors revealed distinct chemical differences between the lipid and amino acid content within the tumor and surrounding tissue. Characterization of intratumor heterogeneity was successfully accomplished by selecting ROIs to separate the tumor region from the surrounding tissue and applying PCA to the ROI data. PCA of the tumor region allowed for chemical identification of spatial heterogeneity occurring within the tumor, showing the composition of blood lakes in discrete areas and the remaining biomolecules present within the tumor. The multimodal approach of ToF-SIMS images and SHG microscopy demonstrated that chemical and structural imaging modalities can correlate with each other in defining the biological structures within tissue, such as blood vessels. Lastly, data interpretation using ROIs of ToF-SIMS images, peak intensity comparisons, and SHG provides a method to observe significant changes occurring within pancreatic β cell tumors and the surrounding tissue. Together these data collection and analysis methods demonstrate that imaging ToF-SIMS can provide biologically valuable chemical characterization of metabolites in tissues comprising the tumor and microenvironment at a high lateral resolution with low mass capabilities.
